The study aims to predict the physical properties of Egyptian crude oils using modified Soave-Redlich-Kowng equation of state. The modification was theoretically developed and then performed by using data of 43 black oil samples representing all active oil producing areas of Egypt. The equation enables to predict the bubble-point pressure, oil formation volume factor, gas-oil ratio, oil density, crude oil gravity, gas gravity and gas formation volume factor of black oils with average relative errors ranging from 0.01% to 10.713%.
Introduction
Pressure-volume-temperature (PVT) properties are the general term used to express the volumetric behavior of a reservoir fluid as a function of pressure and temperature [1] . The PVT properties depend on pressure, temperature, and chemical composition where the chemical composition of crude oil differs from region to another [2] . PVT properties are very crucial for geophysics and petroleum engineers, namely for the utilization in material balance calculations, inflow performance calculations, well log analysis, determining reserve estimates and the amount that can be recovered, the flow rate of oil or gas and numerical reservoir simulations [3] [4] [5] . PVT physical properties of primary interest in petroleum studies include bubble-point pressure, oil formation volume factor, solution gas/oil ratio, oil density, crude oil gravity, gas gravity and gas formation volume factor [6] . These properties could be obtained by experimental measurements on representative samples of crude oils, but, sometimes because of lack of experimental data, the values of reservoir fluid properties would be necessary. Actual data unavailability may be because of sampling cost, uncertainty of measurements or obtained data, inaccessibility of fluid samples of reservoir hydrocarbon or disability of samples obtaining [7] . Therefore, in case of the absence of the experimental measurements of PVT properties, it is necessary to use the empirically derived correlation or equation of state (EOS) [8, 9] . Theoretical computations, collectively known as oil-system correlations (or PVT correlations), based on easily measurable parameters, are used for the prediction of reservoir fluid properties. Such parameters include temperature, pressure, solubility, and API and gas gravity [10] . The development of correlations for PVT calculations has been the subject of extensive research, resulting in a large volume of publications. The successes of such correlations are not reliable predictions and they depend mainly on the range of data at which they were originally developed and the geographical area with similar fluid compositions and API oil gravity. Furthermore, PVT correlations are based on easily measured field data, such as reservoir pressure, reservoir temperature, and oil and gas specific gravity. The currently available PVT simulator predicts the physical properties of the reservoir fluids with varying degree of accuracy based on the type of the used model, the nature of fluid and the prevailing conditions [11] . Petroleum engineers have traditionally used EOS to predict the volumetric and phase behavior of a wide variety of reservoir fluids.
This predictive tool is of great importance during the evaluation of newly discovered reservoirs, in the design and the management of oil recovery projects during the various stages of the reservoir exploitation [12] . The Soave-Redlich-Kowng equation of state becomes one of the most widely used and accepted models for petroleum fluid properties prediction. Many articles in the literature discussed the use of EOS models for predicting PVT reservoir fluid properties.
Equations of state
Extensive efforts had been made in the past two decades to improve the performance of EOS. These include the move from two-constant to three-constant equations to enhance the accuracy of volumetric calculations. One of the earliest attempts to represent the behavior of real gases by an equation was that of van der Waals who proposed the following expression for PVT relationship [13] .
where p is the system pressure (psi), T is the system temperature, R is the gas constant (10.73 psi-ft 3 /lb-mol), V is the volume (ft 3 /mol), a is the attraction parameter and b is the repulsion parameter. The symbol a is considered a measure of the intermolecular attractive forces between the molecules. b is known as the co-volume and considered to reflect the volume of molecules [6] . Other researchers began attempts to improve van der Waals equation of state. These attempts have continued for over 100 years. Clausius proposed that the molecular attraction term is inversely proportional to temperature.
The addition of the fourth constant, c enables better agreement with data. However, mathematical manipulations required in the thermodynamic calculations are more difficult. So Berthelot removed the constant c, resulting in Eq. (2) .
Dieterici handled the temperature dependence of the molecular attraction term in a different manner as follows.
Lorentz addressed the molecular volume term as follows.
Wohl considered the effect of temperature on the molecular attraction term.
The constants a, b, and c in the equations above have different values for different substances. Several investigations proposed virial-type of EOS. Kammerlingh-Onnes proposed the virial equation of state as the following [14] .
And are called the second, third, etc. virial coefficients. Beattie and Bridgeman published a five constant equation that gives a satisfactory representation of volumetric properties except in the critical region [15] .
Benedict suggested a multi-parameter equation of state, known as the Benedict-Webb-Rubin (BWR) equation:
This equation may be considered a modification of the Beattie-Bridgeman equation of state, where A 0 , B 0 , C 0 , a, b, c, a, and c are eight adjustable parameters. The BWR equation suffers from disadvantages [16, 17, 12] . Perhaps, the most important model for the modification of the van der Waals equation of state is the Redlich-Kwong (RK) equation. The Redlich-Kwong cubic equation of state is the first equation which has been successfully applied to the prediction of the vapor phase properties [18, 19] . It is the precursor of a family of simple and relatively precise equations of state.
where P is the pressure, T is the temperature, V is the molar volume, R is the gas constant. a and b are the Redlich-Kwong parameters. One of the most commonly and widely applied cubic equations of state was reported by Soave-Redlich-Kwong (SRK). Soave replaced the term (a/T 0.5 ) in Eq. (10) with a more general temperature-dependent term, denoted by aa(T), to give [6] q
where the correction parameter a(T) is defined by the following relationship:
Soave correlated the parameter m with the centric factor, x, to give
# For pure substances the equation parameters a and b are usually expressed as
# For mixtures the equation parameters a and b are usually expressed as a m and b m . Calculate a m and b m for a hydrocarbon liquid mixture with a composition of x i
Calculate a m and b m for a hydrocarbon gas mixture with a composition of y i
Replacing the molar volume, V, in the equation with (ZRT/p) and rearranging give the compressibility factor of gas and liquid phases.
The equilibrium ratio, K i that is, K i = y i /x i , can be redefined in terms of the fugacity of component.
Soave proposed the following expression for the fugacity coefficient of component i in the liquid phase.
where:
And the following expression for, the fugacity coefficient of component i in the gas phase:
Groboski and Daubert proposed a new expression for calculating parameter m. The proposed relationship, originated from analyzing extensive experimental data for pure hydrocarbons, has the following form.
Sim and Daubert pointed out that, because the coefficients of equation (32) were determined by analyzing vapor pressure data of low-molecular-weight hydrocarbons, it is unlikely that Eq. (32) will suffice for high-molecular-weight petroleum fractions. Realizing that the centric factors for the heavy petroleum fractions are calculated from an equation such as the Edmister correlation or the Lee and Kesler correlation, the authors proposed the following expressions for determining parameter m, as follows [6] . Fig. 1 . This figure shows a very big variation in data ranges of bubble point, gas oil ratio, oil gravities, C7+, reservoir pressures, reservoir temperatures, molecular weights of well stream, gas specific gravities and oil specific gravities.
The data were statistically treated and the results are given in Table 1 . It shows the basic characteristics of the collected Egyptian black oils, which comprise the values of arithmetic mean, maximum, minimum and standard deviation for the 43 crude oil sample.
The above data were used to determine the accuracy of the SRKE, and results are plotted in Fig. 1 .
This figure shows that the average relative errors between experimental K-values and the calculated ones are ranged from À111% to 55%. This error cannot be accepted to simulate PVT data.
Modification of Soave-Redlich-Kwong equation of state
Simulation of PVT data requires an accurate equation of state to predict reservoir parameters with minimum errors so mequation needs for modification to improve the accuracy of SRKE. The term MSRKE will pertain to the modified Soave-Redlich-Kwong equation of state.
A new form of the m-correlation is only a function of the centric factor (x) and is dependent on oil sample properties such as reservoir pressure and reservoir temperature.
The adjustment procedure is listed in the following steps:
(I) m-Equation expressed by Eq. (32) is proposed as follows.
(II) The parameter a 1 is mathematically expressed by.
where X is a function of pressure and temperature and defined by
Fitting of the data listed in Fig. 2 with Eqs. (33)-(35) values of the constants b 1 , b 2 , b 3 , a 2 and a 3 are.
The resulting average relative errors are plotted in Fig. 3 , from which the errors were ranged from 0.01% to 10.713%.
Experimental
Four different oil samples were obtained from different Egyptian oil companies. The physical properties of the samples are given in Table 2 .
The PVT analysis consists of (1) sample validation test, (2) primary test, (3) constant mass depletion (CMD) and (4) differential liberation. 
Sample validation test
Validation test is carried out by measuring opening pressures of surface sample at separator temperature or bottom hole sample at reservoir temperature. If the difference between bottle pressure and operating one is less than or equal to 2% of the operating pressure, the sample is valid and analysis is continued.
Primary test
For surface sample, a portion of separator oil is flashed to standard conditions (14.73 psia and 60°F) and the dissolved gas oil ratio, properties of dissolved gas and stock tank oil, and separation gas are measured. For bottom hole sample, a portion of the homogenous oil was flashed and properties of gas and oil are determined. The density and API gravity of the stock-tank oil were measured using density meter. The gas and oil composition was measured using chromatography analyzer.
Constant mass depletion (CMD)
Constant mass depletion experiments were performed to simulate the pressure/volume relations of these hydrocarbon systems. The test objective is to determine bubble-point pressure, relative volume, density and oil formation volume factor above bubble-point pressure, by charging the fluid sample (oil and gas) into a visual PVT cell (Fig. 4) at reservoir temperature and at a pressure greater than the reservoir pressure. The cell is agitated regularly to ensure that the contents are homogenous. The pressure is then reduced in steps at constant temperature by removing mercury from the cell, and the change in the total hydrocarbon volume is recorded for each pressure increment.
Differential liberation
The differential liberation test is considered to describe the separation process taking place in the reservoir. The test is carried out on the reservoir oil samples and involves charging a visual PVT cell with a liquid sample at the bubble-point pressure and at reservoir temperature. The cell is agitated regularly to ensure the equilibrium between gas and oil. The pressure is reduced in steps, and all the liberated gas is removed and its volume is measured at standard conditions. The volume of oil remaining is also measured at each pressure level. This step is continued to standard conditions (60°F and 14.73 psia). The experimental data obtained from this test include solution gas-oil ratio, gas gravity, gas formation volume factor, oil density and oil formation volume factor below bubble point pressure.
Statistical error analysis
The accuracy of MSRKE is determined by studying the statistical errors. The error analysis comprises the average percent relative error, standard deviation and correlation coefficient.
Average percent relative error (E r )
The average percent relative error is an identification of relative deviation of the predicted value from the experimental value in percent, as Eq. (36)
where
The lower the value the more equally distributed is the error between positive and negative values.
Standard deviation (s)
The standard deviation is a measure of dispersion of predicted errors by a correlation, and it is expressed as Eq. (38).
A lower value implies a smaller degree of scatter around the average calculated errors.
Correlation coefficient (r)
The correlation coefficient, r, represents the degree of success in reducing the standard deviation by regression analysis. The correlation coefficient lies between 0 and 1. A value of 1 indicates a perfect correlation whereas a value of 0 implies no correlation at all among the given variables. The larger the value of r, the greater is the reduction in the sum of squares of errors, and the stronger is the relationship between the independent variable and the dependent ones. It is expressed as Eq. (39).
Results and discussion
The accuracy of the proposed MSRKE is determined from the comparison between the results of experimental work and corresponding values calculated from MSRKE. Four oil samples were tested to PVT analysis (2-bottom hole samples and 2-surface samples). They were collected from different locations in Egypt. Discussions are given here below:
3.1. Oil relative volume Fig. 5a-d shows the results of the reservoir oil relative volume versus pressure at reservoir temperature for the studied four wells X1, X2, X3 and X4, respectively. This property is determined from constant-mass (or constant-composition) depletion stage. In each figure, dot-line represents oil relative volume from experimental data and the solid-line represents oil relative volume predicted using the MSRE. The plots show an excellent agreement between the measured data and calculated ones. In addition, the bubble point pressure was determined from each data plot ( Table 3) .
The relative volume is equal to 1 at the bubble point pressure. It can also be observed that, the bubble point pressure is strongly affected by changing temperature, gas oil ratio and composition of gas and oil. It should be noted that no hydrocarbon material is removed from the cell; therefore, the composition of the total hydrocarbon mixture in the cell remains constant as the original composition.
By applying the statistical error analysis technique, the resulting average percent relative error, standard deviation, and correlation coefficient of the oil relative volume for the four samples above and below bubble point pressure are given in Appendix A. These values ensure the accuracy of the MSRE. Fig. 6 shows the results of the oil formation volume factor above and below bubble point pressure versus pressure for the four wells X1, X2, X3 and X4.
Oil formation volume factor
The oil formation volume factor above bubble point pressure was measured from constant-mass depletion stage while below bubble point pressure measured from differential liberation stage. In each figure, dot-line represents oil formation volume factor from experimental data and the solid-line represents oil formation volume factor predicted using the MSRE. It is indicated that, the oil formation volume factor above bubble point pressure increases as the pressure deceased due to the oil expansion. Continuous decreasing pressure leads to gas releasing. Below bubble point pressure, a decrease in oil formation volume factor with decreasing pressure is related to the liberation of gas. The amount of gas dissolved in the oil decreases with decreasing pressure till reaching standard conditions, at which oil formation volume factor is equal to 1.
The statistical error analysis results as given in Appendix A for the four samples above and below bubble point pressures ensure a good agreement between the measured data and calculated ones, and consequently emphasize the accuracy of the MSRE. Fig. 7 shows the results of the densities versus pressures above and below bubble point pressure for the studied four wells X1, X2, X3 and X4.
Density
The density above bubble point pressure was measured from constant-mass depletion stage and below bubble point pressure from differential liberation stage. The dot-lines represent density measurements and the solid-lines represent density predicted using the MSRE. The figure indicates that, the densities decreases as the pressure increased above bubble point pressure. At any pressure below the bubble point pressure, the amount of gas dissolved in the oil will release with further decreasing pressure. This will result in increase density as shown in Fig. 8 . By continuously deceasing the pressure to standard condition (p = 14.7 psia and T = 60°F), the oil remaining is called residual oil. The density of this oil is measured by density meter then API gravity is calculated. This API gravity which is measured during differential liberation stage is usually smaller than that of flashed stage. It is important to note here that flashing operation is conducted through one step, while in case of differential liberation stage, separation of oil must be passed through multi-pressure stages and there-fore more gas was liberated from each stage. Accordingly, the density of oil from differential liberation stage is greater than that obtained from flashing operation. Figure 6 Oil formation volume factor versus pressure. The average percentage relative error, standard deviation and correlation coefficient are given in Appendix A for the studied sample values above and below bubble point pressure. The evaluation ensures that, the measured data are well agreed with the calculated ones. Fig. 8 shows the results of gas/oil ratio versus pressure for the four wells X1, X2, X3 and X4.
Gas/oil ratio
Gas/oil ratio is measured from differential liberation stage. For each well, dot-line represents gas/oil ratio from experimental data and the solid-line represents gas/oil ratio predicted by the MSRE. Gas/oil ratios increase with increasing pressure at a constant temperature. The gas/oil ratio which is measured during differential liberation stage is greater than that of flashed gas/oil ratio. This is because the gas/oil ratio in a differential liberation stage is calculated by summing the standard volumes of the gas that is liberated in each pressure. Following this, at each pressure interval, the sum of the gas volumes was divided by the residual oil volume to get differential gas/oil ratio. In case of calculating flashed gas/oil ratios, the gas and oil are flashed at standard conditions (p = 14.7 psia and T = 60°F). According to the following equation flashed gas=oil ratio ¼ volume of gas standard condition volume of oil standard condition ð43Þ
Above the bubble point pressure, gas/oil ratios are constant because the composition of the produced reservoir fluid is constant until the bubble point pressure is reached. An excellent agreement between the measured data and calculated ones was obtained. The values of statistical tools (average percentage relative error, standard deviation, and correlation coefficient) are listed in Appendix A, from which it can be observed that the data of well: X1 results in good evaluation. It shows an average percentage relative error ranging from 4.09 to 6.18 and standard deviation ranged from 1.65 to 8.20. All the values of correlation coefficient are close to 1. Fig. 9 shows the results of the gas formation volume factor versus pressure for the four wells X1, X2, X3 and X4.
Gas formation volume factor
The gas/oil ratios are measured in differential liberation stage. In each figure, dot-line represents gas formation volume factor from excremental data and the solid-line represents gas formation volume factor predicted using the MSRE. The gas formation volume factor is a measure of how much the gas volume increases from reservoir to standard conditions. The changes in gas volume during production are larger than the changes in oil volume. The gas volume increases approximately as much as the pressure decreases. Above the bubble point pressure, gas formation volume factor is constant because no gas is librated. It can also be observed that there is an excellent agreement between the measured data and calculated ones. Figure 9 Gas formation volume factor versus pressure. Figure 10 Gas gravity versus pressure.
Gas Formation Volume Factor, Bg
The statistical error analysis results are given in Appendix A, which clarify the compatibility between the measured data and calculated ones. Fig. 10 shows the results of the gas gravity versus pressure for the four wells X1, X2, X3 and X4.
Gas gravity
These results were calculated from differential study test. For each well, dot-line represents gas gravity from excremental data and the solid-line represents gas gravity predicted using the MSRE. As the pressure is further decreased, the content of heavier compounds in the gas will increase. This is reflected in increasing gas gravity with decreasing pressure.
Conclusion
Soave-Redlich-Kowng equation of state is the most common method for predicting PVT properties of oil fluid properties at different reservoir conditions. Application of this equation to 43 Egyptian black oil samples collected from the literature results is very serious errors (ranging from À111% to 55%).
1. In this work a new modification of Soave-Redlich-Kowng equation of state for predicting PVT properties of Egyptian black oils has been proposed. The modification involves proposing a new formula for m-parameter and the constants were calculated from the real data of the different types of Egyptian black oils. 2. Our modification of Soave-Redlich-Kowng equation reduces the errors from (À111% to 55%) to (0.01-10.713%) and consequently has better overall accuracy than the modified Soave-Redlich-Kowng equation for all the data considered in this study. 3. Calculation sensitivity of the proposed MSRKE is determined by testing four oil samples collected from different locations in Egypt and comparing the measured PVT properties with those calculated from the proposed MSRKE. The evaluation shows an excellent agreement between the measured properties and calculated ones.
Appendix A. The following statistical error analysis of oil relative volume, oil formation volume factor, density, gas oil ratio, gas formation volume factor and gas gravity is used to determine the accuracy of the MSRKE. 
